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The Ectocarpus siliculosus virus, EsV-1, occurs worldwide in all populations of the filamentous marine brown alga E.
siliculosus. We have screened an expression library of EsV-1 restriction fragments and identified a DNA clone with the
potential to code for a 52-kDa histidine protein kinase. The derived amino acid sequence includes all homology boxes
diagnostic for histidine protein kinases and, in addition, amino acid motifs that are commonly found in response regulators
of bacterial two-component signal transduction proteins. Thus, the novel viral protein can be classified as a hybrid histidine
protein kinase of a type that has previously been detected in fungi, slime molds, and plants. By using purified antibodies, we
found that the protein with its potential kinase activity is located on the outer shell of viral particles. This is the first report
on a two-component regulator-like protein in viruses and could provide the basis for speculations with regard to the evolution
of EsV-1 and related viruses. © 2000 Academic PressINTRODUCTION
The Ectocarpus siliculosus virus (EsV-1) is pandemic
in populations of the marine brown alga E. siliculosus on
all coasts of temperate climate zones. The genomes of
EsV-1 and of other viruses infecting marine brown algae
(phaeoviruses) are double-stranded DNA molecules
ranging from 160 to 340 kilobase pairs (kb) in size with
the potential to encode hundreds of proteins. A consid-
erable number of these proteins may be necessary to
orchestrate the peculiar infection cycle of these viruses
(review: Mu¨ller et al., 1998).
Studies under controlled laboratory conditions show
that EsV-1 and other phaeoviruses only infect the wall-
less, free-swimming spores or gametes of the algal host
(Mu¨ller et al., 1998). Strong evidence indicates that the
viral DNA is incorporated into the genome of the infected
cell and transmitted to all cells of the developing organ-
ism (Mu¨ller, 1991a; Bra¨utigam et al., 1995; Delaroque et
al., 1999). The viral DNA remains dormant in the vegeta-
tive cells of the adult organism, but can be expressed in
cells of the reproductive organs, sporangia, and gamet-
angia. Virus multiplication begins with an extensive rep-
lication of viral DNA in the cell nuclei which increase in
size and eventually break down (Mu¨ller et al., 1998; Wolf
et al., 1998). Virions are assembled subsequent to nu-
clear disintegration until the host cell is filled with closely
packed mature viral particles. Virus release is triggered
by environmental cues such as changes of culture me-
dium or temperature. The same stimuli cause the release
1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 149 7531 88 2966. E-mail: Nicolas.Delaroque@uni-
onstanz.de.
383of gametes or spores from uninfected brown algae (Mu¨l-
ler, 1991b). Thus, free viruses have a short window of
opportunity to meet their susceptive host cells before
being dispersed in the surrounding sea water. The syn-
chronous release of viruses and host cells is an intrigu-
ing ecological situation which may contribute to the
widespread distribution of EsV-1 in the Ectocarpus pop-
ulations at all ocean coasts (Sengco et al., 1996).
Thus, the infection process, the host-stage-restricted
multiplication, and the timely release of virions from the
infected host are precisely coordinated to guarantee that
virus and host meet under rather specific ecological
conditions. This implies that the virus genome should
encode factors that are able to receive and respond to
signals from within and without the host.
As a first step to address this point, we report here that
EsV-1 encodes a protein with high structural similarities
to a histidine protein kinase, a constituent of the two-
component signal transduction pathway that was origi-
nally discovered in bacteria (Hoch and Silhavy, 1995), but
was later shown to occur also in a number of eukaryotes,
including yeast, fungi, the slime mold Dictyostelium, and
plants (Chang and Meyerowitz, 1994; Loomis et al., 1997).
We also show that the EsV-1-encoded putative histidine
protein kinase is associated with the outer layer of the
virion. This is the first report on a virus-encoded two-
component signal transduction protein.
RESULTS
Screening of an EsV-1 expression library
We have screened an expression library of EsV-1 re-
striction fragments with 1000-fold diluted primary serum
against detergent-disrupted purified virus particles. As
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384 DELAROQUE ET AL.expected, we isolated several genomic EsV-1 fragments
with the potential to code for major structural proteins
(Delaroque et al., 2000) and, in addition, a fragment of
283 base pairs (fragment A; Fig. 1A) with an open reading
frame (ORF) encoding amino acid sequences known
from bacterial and eukaryotic histidine protein kinases.
To confirm that the isolated fragment A-DNA was part
of the viral genome, we restricted EsV-1 DNA with SfiI
and AscI (Fig. 1B, lanes 1 and 2) and used fragment A as
a probe in Southern blot experiments (Southern, 1975).
The results obtained were consistent and showed that
fragment A hybridized with a 227-kb AscI fragment and a
39-kb SfiI fragment (Fig. 1B, lanes 3 and 4). With addi-
tional sequence information (not shown) we were able to
more precisely map the fragment A sequence as shown
in Fig. 1C which also demonstrates that the fragment A
locus is not linked to the previously mapped genes for
the EsV-1 structural proteins gp1 (Klein et al., 1995), vp55,
and vp74 (Delaroque et al., 2000).
The fragment-A-encoded polypeptide occurs in viral
particles
We used purified antibodies against the fragment-
FIG. 1. A novel segment of the EsV-1 genome. (A) Fragment A was iso
purified viral particles. SP3.F and SP3.R, forward and reverse primers f
(lane 1) and SfiI (lane 2) and investigated by pulse-field agarose gel e
markers (M; New England Biolabs, Beverly, MA). The gel was transfe
probed with digoxigenin-labeled fragment A DNA (Roche, Mannheim,
1975). (C) Restriction map of EsV-1 DNA. Locations of the fragment A s
1995), vp55, and vp74 (Delaroque et al., 2000).A-encoded polypeptide as probes in immunoblot ex-
periments. To demonstrate the specificity of the anti-bodies, we analyzed an extract from bacteria overex-
pressing the fragment A polypeptide and found that
the monospecific antibodies reacted well with the an-
y screening an EsV-1 expression library with antibodies raised against
amplification. (B) EsV-1 DNA was restricted with endonucleases AscI
horesis (Lanka et al., 1993) using phage l concatemers as DNA size
Nylon membranes (Hybond-N1, Amersham, Uppsala, Sweden) and
ny; lane 3, AscI-restricted DNA; lane 4, SfiI-restricted DNA; Southern,
e and the previously mapped viral structural proteins gp1 (Klein et al.,
FIG. 2. The fragment-A-encoded polypeptide as a constituent of
virions. (A) Characterization of antibodies. Fragment A was cloned in a
plasmid vector and expressed in bacteria (lane 1, bacterial extract
before induction; lane 2, bacterial extract after induction; Coomassie
stain of a polyacrylamide gel). The expressed polypeptide was used as
antigen to raise antibodies in rabbits. The purified antibodies (diluted
1:5000) detect in Western blots of induced bacterial extracts only the
fragment-A-encoded vhk-1 polypeptide (lane 3). (B) Purified EsV-1 par-
ticles were analyzed by denaturing polyacrylamide gel electrophoresis
(lane 1, Coomassie stain; lane 2, Western blot with 5000-fold diluted
vp74-specific antibodies; lane 3, Western blot with 1000-fold diluted
fragment-A-specific antibodies). Left margins, electrophoretic sizelated b
or PCR
lectrop
rred to
Germamarkers; right margins, vhk-1, the fragment-A-encoded polypeptide;
vp74, viral protein 74 (Delaroque et al., 2000).
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385HYBRID HISTIDINE KINASE IN ALGAL VIRUS EsV-1tigen, but not with any one of the many bacterial
proteins on the blot (Fig. 2A).
Next, we investigated purified EsV-1 particles by
immunoblotting using the fragment-A-specific anti-
body as probe. As a control, we used antibodies spe-
cific for the vp74 structural protein (Delaroque et al.,
2000; Fig. 2B, lane 2). The anti-fragment-A-specific
antibodies gave a comparatively weak staining of
three closely spaced bands with apparent molecular
weights between 52 and 58 kDa (Fig. 2B, lane 3).
Increasing the concentration of fragment A antibodies
did not result in a stronger immunological response
(not shown) suggesting that the fragment-A-encoded
polypeptide may be a minor constituent of the viral
particle, at least in comparison to vp74.
To determine the location of the fragment A polypep-
tide in virus particles, we investigated thin sections of
virus-producing cells by electron microscopy. As demon-
FIG. 3. Location of vhk-1. (A) Electron micrograph: section through a
irions with the central core (c) and outer layer (o) labeled by gold pa
from the center of the viral core. Shaded areas correspond to nucleopro
particles. The total number of gold particles determined was 35.strated before, EsV-1 particles appear pentagonal or
hexagonal in sections and are composed of a nucleo-protein core surrounded by several electron-dense lay-
ers (Mu¨ller et al., 1998; Wolf et al., 1998). We used the
urified antibodies against the fragment A polypeptide to
ocalize the corresponding protein in virus particles with
mmunogold electron microscopy.
The average labeling was 0.2 gold particles/virion
hich is considerably less than the 1.0 gold particles/
irion when using vp74-specific antibodies under identi-
al conditions (not shown; Delaroque et al., 2000). This
difference is consistent with the immunoblot experi-
ments of Fig. 2 and shows again that the fragment A
polypeptide is a minor constituent of the virion.
To demonstrate the specificity of the gold labeling in
Fig. 3, we compared virus-producing cells and nonpro-
ducing somatic filament cells on the same section. The
average density of gold particles on sections of virus-
producing cells was 2 particles/mm2, compared to only
0.2 particles/mm2 on sections of healthy cells. An aver-
2
roducing host cell. Arrowheads, gold particles. Scale bar, 0.2 mm. (B)
Scale bar, 0.1 mm. (C) Distribution of gold particles. Absissa, distance
re (center to surface) and outer viral layer. Ordinate, percentage of goldvirus-p
rticles.age density of 0.2 gold particles/mm was also deter-
mined in control experiments when only secondary an-
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386 DELAROQUE ET AL.tibodies were used and therefore defines the back-
ground in these experiments.
The specificity of the reaction is further demonstrated
by the nonrandom distribution of gold particles, which
are almost exclusively found on the outer layer of viral
particles. The mean radius of gold particle distribution
was 92.5 6 15.3 nm (n 5 35). The outer layer was
etermined to lay between 77.3 6 3.2 and 97.8 6 3.4 nm
rom the center of the viral nucleoprotein core (Fig. 3C).
Thus, we can conclude that the protein encoded by the
ragment A DNA is a constituent of the outer layer of
sV-1 particles.
NA sequences
We used fragment A as a hybridization probe to isolate
ca. 4-kb section of the EsV-1 genome. Sequencing
evealed that this section includes four ORFs (Fig. 4).
LAST program-assisted searches (Altschul et al., 1990)
f the EMBL GenBank and the Swissprot databases
uggested that one ORF can encode a protein with
imilarities to the small subunits of the eukaryotic repli-
ation factor C (RFC; review: Mossi and Hubscher, 1998)
hile two additional ORFs could encode proteins related
o several of the transmembrane proteins in the data-
ases.
The fourth ORF, which includes the fragment A se-
uence, has the potential to code for a protein of 461
mino acids with a calculated molecular weight of
2,464 Da. This value is in agreement with the apparent
olecular weight of 52 kDa as determined for the faster
igrating form of the three immunologically detectable
ands in the Western blot of Fig. 2B (lane 3). The nature
f the slower migrating forms cannot yet be accounted
or. We note, however, that the predicted sequence con-
ains close to its amino terminal end the N-X-T motif (Fig.
A) as a putative asparagine-linked glycosylation site.
FIG. 4. Section of the EsV-1 genome including the fragment-A-con
sequenced (Accession Number AF210454). We identified four open rea
data banks. The results of the data searches are noted in the protein s
transmembrane regions; RFC, replication factor C. The deduced viral
histidine protein kinases (hatched box: His54, the putative phospho-acce
(stippled box: Asp361, the putative phospho-accepting aspartate residuhus, a fraction of the protein could be glycosylated
hich would be in agreement with its location at theurface of the viral particle where other EsV-1 glycopro-
eins may also reside (Klein et al., 1995).
Computer-assisted comparisons with data banks re-
ealed that the deduced amino acid sequence contains
egions that are closely related to the conserved ele-
ents in two-component regulator proteins (Fig. 5).
lignments with other members of this large protein
amily demonstrate the presence of variations of the
ighly conserved homology boxes of the histidine protein
inase domain including homology box H with the phos-
ho-accepting histidine residue (Fig. 5B). In addition, the
sV-1 protein also contains signature sequences of the
eceiver domain with its phospho-accepting aspartate
esidue (Fig. 5B). Thus, the EsV-1-encoded protein be-
ongs to the class of “hybrid histidine protein kinases”
hat combine on one polypeptide chain a histidine pro-
ein kinase with elements of the response regulator. We
esignate this novel EsV-1 protein as vhk-1 for viral
ybrid kinase 1.
To support this conclusion we used the PSIPRED pro-
ram for secondary structure predictions (Jones, 1999)
nd determined that the histidine protein kinase part of
he vhk-1 could form an alternating a/b structure of four
a-helices and seven b-sheets (Fig. 5C), very similar to
the catalytic core of the classic bacterial EnvZ histidine
kinase domain whose three-dimensional structure has
been determined by X ray crystallography (Tanaka et al.,
1998). Furthermore, the carboxyterminal response regu-
lator domain of vhk-1 could fold into a series of second-
ary structure elements similar to those that characterize
the crystallized bacterial CheY response regulator (Stock
et al., 1989).
DISCUSSION
We show here for the first time that a viral genome
encodes a protein with homologies to enzymes of the
gene. A ca. 4-kb segment of the EsV-1 genome was isolated and
mes (arrows) and compared the encoded amino acid sequences with
: N, amino terminal ends; C, carboxy terminal ends; TM, hydrophobic
histidine kinase (vhk-1) contains the homology boxes, diagnostic for
istidine residue) and for the receiver domain of the response regulatortaining
ding fra
ymbols
hybridtwo-component signal transduction pathway. The classic
two-component pathway has originally been described
o
t
o
v
e et al., 1
387HYBRID HISTIDINE KINASE IN ALGAL VIRUS EsV-1for bacteria and consists of two proteins, a stimulus-
FIG. 5. Structural characterization of the viral hybrid histidine kinase
diagnostic homology boxes of a histidine protein kinase (H, N, D, F, and
residues (H54 and D361) and the single glycosylation site (NNT) are indic
ther hybrid kinases: BARA (Escherichia coli BarA; Nagasawa et al., 1
haliana; Chang et al., 1993); SLN1 (Saccharomyces cerevisiae; Ota and
f secondary structure elements. The PSIPRED program was used to p
hk-1 protein 1 (Jones, 1999). Numbers refer to the amino acid position
tc.) as in the crystal structures of the bacterial proteins EnvZ (Tanaka
as shown under (B) are indicated by horizontal lines.dependent histidine protein kinase and its substrate, the
response regulator. The first component frequently hastwo functional domains: a variable amino terminal recep-
e encoded protein is schematically drawn as a horizontal line with the
of a response regulator (1, 2, and 3). The presumed phospho-accepting
) The homology boxes of the EsV-1 protein (vhk-1) in comparison with
EMA (Pseudomonas syringae; Hrabak et al., 1992); ETR1 (Arabidopsis
avsky, 1993). Asterisks, phospho-accepting amino acids. (C) Prediction
-helices (cylinders) and b-strands (arrows) in the sequence of the viral
ed under (A). The secondary structure elements were labeled (bA, a1,
998) and CheY (Stock et al., 1989). The position of the homology boxes. (A) Th
G) and
ated. (B
992); L
Varsh
redict a
s defintor domain, which receives the external stimulus, and a
conserved carboxy terminal kinase domain that auto-
388 DELAROQUE ET AL.phosphorylates at a conserved histidine residue. The
phosphoryl group is transferred from the histidine in the
first component to an aspartate residue in the amino
terminal domain (receiver domain) of the second com-
ponent, the response regulator. This protein typically
possesses a carboxy terminal output domain with the
ability for specific DNA binding or other activities. The
two-component system evolved in bacteria to monitor
external conditions such as fluctuations in many chem-
ical and physical conditions (Parkinson and Kofoid,
1992). Both the histidine protein kinase and the response
regulator form large families of bacterial proteins. For
example, Escherichia coli alone can express more than
40 histidine kinase–response regulator pairs (Blattner et
al., 1997) with as many signaling pathways.
Enzymes, similar to the bacterial two-component pro-
teins, have been discovered over the past years in yeast,
fungi, slime molds, and plants. Many of the eukaryotic
enzymes and several bacterial enzymes show a charac-
teristic variation of the classic molecular architecture.
These forms combine on one polypeptide chain the his-
tidine protein kinase domain and a response regulator
domain. They are referred as to hybrid kinases. The
phosphate group on the histidine of the kinase domain is
transferred to an aspartate residue in the response re-
ceiver domain which then phosphorylates the true sub-
strate (Alex and Simon, 1994). Examples are the hybrid
kinase encoded by the SLN1 gene of the yeast Saccha-
romyces cerevisiae, which is responsible for osmoregu-
lation (Ota and Varshavsky, 1993), and the hybrid kinase,
encoded by the ETR1 gene of Arabidopsis thaliana,
which controls the ethylene response (Chang et al.,
1993). Clearly, vhk-1 belongs to this class of eukaryotic
hybrid kinases, although it lacks the long amino terminal
extension that usually precedes the histidine protein
kinase domain, and its kinase activity must be demon-
strated. The classification of the viral protein as a hybrid
kinase is based on the presence of several conserved
amino acid sequence motifs (Fig. 5).
Grebe and Stock (1999) have recently compared the
primary structures of more than 300 known histidine
protein kinases and showed that members of this super-
family of proteins can dramatically differ in size, amino
acid sequence, and general architecture, but all share
conserved sequence elements, termed homology boxes.
The structure of these sequence elements allows a clas-
sification of the many known histidine kinases into 11
subfamilies. The EsV-1 protein cannot easily be associ-
ated with one of these subfamilies.
For example, the putative site for histidine phosphor-
ylation in the H-box element of vhk-1 is preceded by an
isoleucine residue rather than the usual serine and fol-
lowed by an arginine instead of the usual glutamate (see
Fig. 5B). A similar configuration occurs in the meth-
anobacterial group of kinases. But another variation of
the classic structure is typically found in histidine ki-nases from Rhizobia and mycobacteria, namely the re-
placement of the first asparagine by glutamate in the
N-box of the EsV-1 enzyme (Grebe and Stock, 1999).
The replacement of the conserved proline in the H-box
has been observed for histidine kinases from a variety of
sources, but a major difference from the conserved ele-
ments in most histidine kinases is that the phospho-
accepting histidine in the H-box is separated by three,
rather than the usual two, residues from a conserved
arginine residue. It will certainly be interesting to deter-
mine how this variation affects the structure and the
function of vhk-1.
The homology regions in the response regulator do-
main of the predicted EsV-1 protein are closely related to
the corresponding regions of other hybrid kinases (Fig.
5B) and, together with the histidine kinase homologies,
justify the conclusion that vhk-1 performs functions reg-
ulating steps in the EsV-1 infection cycle.
What could these functions be ? It is well known that
two-component systems control the virulence genes in
several bacterial pathogens. This allows the bacteria to
discriminate between extra- and intracellular locations
and to fully adapt to the changing conditions after inva-
sion of the host cells before they initiate a program of
growth and gene expression (Mekalanos, 1992; Charles
et al., 1992).
The conclusion that the putative viral histidine protein
kinase is a constituent of EsV-1 particles is supported by
three lines of evidence: (i) the protein was discovered in
an EsV-1 expression library by antibodies against highly
purified virus particles; (ii) specific antibodies recognize
distinct polypeptide bands in Western blots of virion
proteins; (iii) immunogold labeling of electron micro-
scopic sections locates the protein to the outer layer of
EsV-1. The location of vhk-1 may give a clue as to its role
in viral infection. Vhk-1 may respond to signals received
after binding to the host cell or after entering the cyto-
plasm as a first step to shed its protein layers and to
integrate its DNA into the genome of the host. It is also
possible that vhk-1 phosphorylates key proteins of the
infected cell to change its metabolic properties or the
organization of its intracellular structures, thereby creat-
ing a milieu suitable for the initiation of an infection
process. These and other possibilities will be the subject
of future work on this interesting and ecologically impor-
tant group of viruses.
In summary, we note that the large and widespread
superfamily of two-component proteins has a new mem-
ber which is encoded by a viral genome. DNA se-
quences encoding the potential viral hybrid kinase are
not a specialty of EsV-1, but were also detected by PCR
technology in the genomes of other phaeoviruses that
infect marine brown algae (unpublished results). They
are, however, clearly absent in Chlorella viruses, which
share many structural properties with phaeoviruses, but
have a fundamentally different infection cycle (Mu¨ller et
as
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389HYBRID HISTIDINE KINASE IN ALGAL VIRUS EsV-1al., 1998; Van Etten and Meints, 1999). This invites inter-
esting speculations on the origin of the vhk-1 gene in
phaeoviruses. One possibility is that the vhk-1 gene was
originally part of the host genome from where it was
transferred to the evolving viral genome.
MATERIALS AND METHODS
Preparation of virus
The cultivation of algal cells and the production of
viruses have been described (Lanka et al., 1993; Kapp et
l., 1997). The purification of virus particles (Klein et al.,
1995) and their investigation by denaturing polyacryl-
amide gel electrophoresis (Laemmli, 1970) and immuno
(“Western”)-blotting (Towbin et al., 1979) were performed
according to published procedures. The immunopositive
proteins were detected using the ECL Western blotting
system (Amersham, Uppsala, Sweden).
Viral DNA and cloning
Viral DNA was prepared by deproteinization of viral
particles in agarose blocks (Lanka et al., 1993) and in-
vestigated by digestion with restriction endonucleases
and pulse-field agarose gel electrophoresis (Lanka et al.,
1993). A genomic library was constructed by ligating
partially Sau3A-digested EsV-1 DNA to l-ZAP DNA and
packaging using the Stratagene Gigapack kit (Strat-
agene, La Jolla, CA). The l-expression library was
creened with antibodies raised in rabbits against puri-
ied virus particles disrupted in 0.1% SDS (Harlow and
ane, 1988). We isolated several positive phage clones
hose inserts were recovered by in vivo excision in the
orm of the plasmid pBK-CMV SK vector (Stratagene).
nserts were sequenced using the standard chain termi-
ation technology (Sanger et al., 1977).
ntibodies
One of the inserts, termed fragment A-DNA, was am-
lified by PCR and ligated into the the pRSET plasmid
ector (Invitrogen, Carlsbad, CA) for a preparation of
acterially expressed polypeptides (Studier and Moffatt,
986). Antibodies against the purified fragment A
olypeptide were raised in rabbits (Harlow and Lane,
988) and were purified by immunoaffinity with sulfolink
oupling gel according to the supplier’s instructions
Pierce, Rockford, IL).
lectron microscopy
To prepare samples for electron microscopy, EsV-1-
nfected algal thalli were fixed (0.5% glutaraldehyde and
% paraformaldehyde in cacodylate buffer with 0.2% caf-
eine), dehydrated, and slowly infiltrated with Lowicryl
4M (Polysciences, Warrington, PA). The samples werehen flat-embedded between Aclar embedding film
Plano, Wetzlar, Germany) and polymerized by indirectV irradiation at 220°C. Ultrathin sections (Reichert OM
3 ultramicrotome) were blocked in phosphate-buffered
aline (PBS) containing 2% bovine serum albumin and
hen incubated with primary antibodies (1:200 dilution)
or 2 h. After being washed with PBS, the sections were
ncubated with secondary gold-labeled antibodies (goat
nti-rabbit IgG polygold 10 nm; Polysciences), washed
ith PBS, and fixed with 2.5% glutaraldehyde. In control
xperiments, the primary antibodies were omitted. Sec-
ions were stained by lead citrate (Venable and Cogge-
hall, 1965) and examined with a Zeiss EM 900 electron
icroscope. We determined on electron micrographs the
adii of viral nucleoprotein cores and of the outer shells
s well as the distances of gold particles to the core
enter. The data were statistically evaluated using the
tatView program (Abacus Concepts, Berkeley, CA).
ength standard was a crossgrating replica with 2160
ines/mm (Plano).
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